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FREE-FLIGHT TEST RESULTS ON THE PERFORMANCE OF CORK 

AS A THERMAL PROTECTION MATEBIAL 

By Randolph A. Graves, Jr. , and Thomas E. Walton, Jr. 
Langley Research Center 

SUMMARY 

A series of f l i g h t  tes ts  w a s  i n i t i a t e d  by t h e  Langley Research Center 
for t h e  purpose of t e s t i n g  ablative cork as a l ightweight  thermal pro tec t ion  
material. These f l i g h t  t es t s  w e r e  conducted aboard NASA f l i g h t  vehic les  i n  
the  low-heating-rate environment of t h e  afterbody regions.  The t e s t  conditions 
covered a range of a l t i t u d e s  t o  482,000 f e e t  and v e l o c i t i e s  t o  l7,gOO f ee t  p e r  
second. The t e s t  r e s u l t s  show t h a t  cork can provide adequate thermal protec- 
t i o n  f o r  a long-time, low-heating-rate environment. 

INTRODUCTION 

During ascent  and reent ry  of a high-speed f l i g h t  vehicle ,  thermal protec- 
t i o n  aga ins t  aerodynamic heat ing i s  of prime importance f o r  i t s  survival .  
Present-day mater ia l s  used f o r  thermal pro tec t ion  (Teflon, g l a s s  phenolic,  e t c . )  
tend t o  be heavy, so t h a t  adequate thermal pro tec t ion  i s  gained a t  t h e  expense 
of u se fu l  payload weight; therefore ,  a l ightweight thermal pro tec t ion  ma te r i a l  
appears t o  be desirable .  

An inves t iga t ion  i n  an arc-heated a i r  j e t  has been made by t h e  Aeronautical  
Systems Division of the  U.S. A i r  Force with the  objec t ive  of determining t h e  
ab la t ive  cha rac t e r i s t i c s  of cork. A s i m i l a r  inves t iga t ion  w a s  t h e  subjec t  of 
reference 1. Since the  simulation of a c t u a l  f l i g h t  conditions i n  ground f a c i l -  
i t i e s  i s  seldom achieved, a f l i g h t - t e s t  program w a s  i n i t i a t e d  a t  t h e  Langley 
Research Center t o  obta in  performance data on cork as a thermal pro tec t ion  m a t e -  
r i a l  i n  an a c t u a l  f l i g h t  environment. The cork f l i g h t  tes ts  w e r e  conducted as 
secondary experiments on f ive  NASA f l i g h t  vehicles ,  one of which contained a 
payload recovery system. The tes t  vehic les  e i t h e r  c a r r i e d  instrumented cork 
patches,  or cork w a s  appl ied t o  e n t i r e  sec t ions  where thermal pro tec t ion  w a s  
required.  The experiments were confined t o  t h e  afterbody regions of t h e  t e s t  
vehic les  where t h e  convective heat ing r a t e s  w e r e  r e l a t i v e l y  low. D a t a  were 
obtained from four  of t h e  f l i g h t  t es t s  by onboard telemetry systems and from 
t h e  recovery model by phys ica l  examination a f t e r  recovery. The tes ts  w e r e  con- 
ducted a t  a l t i t u d e s  t o  482,000 f e e t ,  and v e l o c i t i e s  t o  17,900 f e e t  p e r  second 
were obtained. Maximum values  of t h e  veloci ty ,  dynamic pressure,  and t o t a l  
enthalpy f o r  each t e s t  are given i n  table  I. The purpose of t h i s  r epor t  i s  t o  
present  t h e  r e s u l t s  obtained Prom t h e  f i v e  f l i g h t  tes ts .  



VEI3ICL;E SYSTESIS AND TEST RESULTS 

scout 

The NASA Scout vehicle consists of four stages of solid-propellant rocket 
motors with an Algol and a Castor motor as the first and second stages, respec- 
tively. The third and fourth stages are an Antares and an Altair motor, respec- 
tively. A photograph of the Scout launch vehicle is shown as figure 1. 

Scout 115.- Carried aboard NASA Scout 115 were two instrumented patches 
of phenolic cork. 
20 percent phenolic resin which has a specific weight of 30 pounds per cubic 
foot. 
tion D section door with a thermistor placed on the inside surface of the 
0.050-inch-thick stainless-steel door, as shown in figure 2. The other cork 
patch, which is shown in figure 3, had dimensions of 6 inches by 8 inches by 
0.033 inch and was located on the upper transition C section skin with a 
thermistor placed at the interface of the skin and cork. 
the inner-stage hardware between the second and third stages. Transition D 
is the inner-stage hardware between the third and fourth stages.) 
cork patches were bonded and faired to transition D section door and transi- 
tion C section skin by using epoxy adhesives. 

Phenolic cork is a composite of 80 percent ground cork and 

A 10- by 10- by 0.033-inch cork patch was located on the lower transi- 

(Transition C is 

The two 

The data period for the cork patches extends to about 140 seconds and 
covers the early ascent portion of the flight trajectory and the period of maxi- 
mum heating. The aerodynamic heating on the Scout vehicle is a maximum at 
first-stage burnout (about 60 seconds after launch). The variation of flight 
velocity and altitude extending through the data period is shown in figure 4. 
Shown in figure 5 are the measured atmospheric conditions. Since the vehicle 
exceeded the altitude limit of these measured conditions, values from the 1962 
U.S. Standard Atmosphere (ref. 2) are also plotted for the test trajectory. 

Figure 6 affords a comparison of temperature histories for transition C 
and D sections, with and without the cork patches. 
culated inside-surface temperature without the cork patch and the measured 
inside-surface temperature with the cork patch on the transition D section. 
The values of the inside-surface temperature were calculated according to the 
theory of Van Driest for a turbulent boundary layer (ref. 3) by using local 
conditions -computed by the conical-theory methods of reference 4. Figure 6(b) 
shows the calculated outside-surface temperature without the cork patch and the 
measured outside-surface temperature under the cork patch on transition C sec- 
tion. The calculated outside-surface temperatures were also obtained .according 
to the Van Driest turbulent-heat-transfer theory of reference 3 by using free- 
stream conditions. 

Figure 6(a) shows the cal- 

Scout 116.- Scout 116 carried a single instrumented cork patch on the 
upper transition C section skin. 
0.030 inch in dimensions and had a thermistor located at the interface of the 
cork and skin. Two other thermistors were placed on the inside surface of 
transition C section. One of these was located under the cork patch and the 
other was adjacent to the cork patch. 

This patch was 8 inches by 8 inches by 

(See fig. 7 for details.) 
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The flight trajectory for Scout 116 was very similar to that for Scout 11.5. 
The variation of flight velocity and altitude for Scout 116 is shown in figure 8 
for 180 seconds of flight. The measured and standard atmospheric conditions for 
this flight are presented in figure 9. Figure 10 shows the temperature time 
histories of the three thermistors for 180 seconds of flight. 

RAMB 

The RAM B is a solid-propellant three-stage vehicle system. The first- and 
second-stage motors are a Castor and an Antares, respectively, and the third- 
stage motor is an Alcor. A photograph of the RAM B vehicle is shown as fig- 
ure 11. 

RAM B1.- The RAM B1 vehicle carried two identical instrumented patches 
of cork which were located 180° apart on the third-stage flare section. 
sketch of the third stage with pertinent dimensions and cork-patch locations 
is shown in figure 12. Both patches had dimensions of approximately 5 inches 
by 10 inches by 0.13 inch. The instrumentation for the first patch on the 
third-stage flare consisted of a slug-type calorimeter (fig. 13) which was 
used to obtain the magnitude of the local heat flux. The second cork-patch 
instrumentation consisted of a chromel-alumel thermocouple which was attached 
to a 1-inch-diameter by 0.030-inch-thick 2s aluminum disk in an attempt to 
gain a more accurate temperature measurement. This thermocouple assembly was 
located inside the cork patch 0.07 inch from the outer surface. 

A 

(See fig. 14.) 

The planned flight trajectory of the RAM B1 was not achieved, since a 
system failure occurred after second-stage ignition (about 45 seconds after 
launch). However, the data period extends to 70 seconds. The velocity and 
altitude histories obtained for this flight are shown in figure 15. The meas- 
ured atmospheric conditions for the flight trajectory are shown in figure 16. 
Maximum aerodynamic heating during ascent occurred near the time of first-stage 
burnout; therefore, the system failure did not affect the period of maximum 
heating. The temperature history of the calorimeter is shown in figure 17. 
The heating rate as calculated from the calorimeter temperature history is 
shown in figure 18(a). 
heating rate is shown in figure 18(b). 
according to the following relation: 

The response of the thermocouple assembly to this 
The heating rate was calculated 

Q = c - + m  dT 
dt 

where 

b heating rate, Btu/sq ft-see 

C sensitivity constant, 0.311 (manufacturer's calibration) 

dT 
dt 

slope of calorimeter temperature-time curve 
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K thermal-loss coe f f i c i en t ,  0.0045 (manufacturer's ca l ib ra t ion )  

AT temperature r i s e  of calorimeter 

RAM B2.- Cork w a s  appl ied t o  t h e  e n t i r e  th i rd-s tage  flare of t h e  RAM B2 
vehic le  f o r  necessary thermal protect ion.  The cork instrumentation consis ted 
of two chromel-alumel thermocouples and an asymptotic calorimeter.  The calo- 
r imeter  and one thermocouple w e r e  loca ted  7 inches f r o m t h e  t r a i l i n g  edge of 
t h e  f l a r e ;  t h e  o the r  thermocouple w a s  loca ted  2 inches from t h e  t r a i l i n g  edge. 
(See f i g s .  19 and 20 f o r  t h e  calorimeter and thermocouple i n s t a l l a t i o n s . )  

The RAM B2 flew successful ly  throughout t h e  performance range of t h e  vehic le  
system and reached t h e  highest  ve loc i ty  recorded f o r  t h e  cork tests.  
i t y  and a l t i t u d e  h i s t o r i e s  a r e  shown i n  f i g u r e  21. The measured and standard 
atmospheric conditions f o r  t h e  f l i g h t  are shown i n  f i g u r e  22. 
h i s tory ,  as shown i n  f igu re  23(a) ,  covers t h e  e n t i r e  ascent  phase and p a r t i a l  
reentry phase of t h e  vehic le  t r a j ec to ry .  
thermocouples responding t o  e s s e n t i a l l y  t h e  measured heat  inputs  are shown i n  
f igu re  23(b) .  

The veloc- 

The heat ing-rate  

The temperature h i s t o r i e s  f o r  t h e  two 

Payload Recovery Vehicle 

The payload recovery vehic le  cons is t s  of a four-stage,  sol id-propel lant  
rocket system. This system cons is t s  of t h e  following motors: f i r s t  s tage,  
Honest John; second s tage,  Nike; t h i r d  s tage,  Skat; and fou r th  s tage,  Recruit .  
Figure 24 i s  a photograph of a four-s tage payload recovery vehicle .  
recoverable payload consis ted of a loo cone with a hemispherical  nose t i p  and 
a cy l ind r i ca l  afterbody sect ion.  
f i gu re  25. 

The 

A sketch of t h e  payload i s  presented as 

Upon recovery of an e a r l i e r  i d e n t i c a l  payload t h a t  w a s  subjected t o  the  

To provide f u r t h e r  
same t e s t  environment, it w a s  observed t h a t  t h e  epoxy ab la t ion  mater ia l  had 
severely ab la ted  a t  t h e  cone-cylinder juncture  (ref. 5 ) .  
thermal protect ion,  phenolic cork w a s  appl ied a t  t h i s  c r i t i c a l  locat ion.  This 
cork w a s  0.25 inch th i ck  by 8 inches wide, w a s  bonded by an epoxy adhesive t o  
the  e n t i r e  periphery on t h e  forward por t ion  of t h e  c y l i n d r i c a l  afterbody sect ion,  
and ca r r i ed  no instrumentation. 
recoverable payload showing t h e  cork loca t ion  and appearance. 

Figure 26 i s  a p r e f l i g h t  photograph of t h e  

The desired t r a j e c t o r y  apogee and t e s t  conditions f o r  t h e  recovery vehic le  
were obtained by i g n i t i n g  t h e  f i r s t  two s tages  during vehic le  ascent ,  and t h e  
las t  two s tages  were ign i t ed  during descent t o  obtain t h e  desired reentry t e s t  
environment. 
erometer measurements a r e  shown i n  f igu re  27. The measured atmospheric condi- 
t i o n s  f o r  t h i s  f l i g h t  a r e  shown i n  f igu re  28. P r i o r  t o  termination of t h e  
f l i g h t  t e s t ,  a parachute w a s  deployed and the  ve loc i ty  of t h e  recoverable pay- 
load w a s  decreased t o  approximately 60 f e e t  pe r  second before  water impact. 

The a l t i t u d e  and ve loc i ty  h i s t o r i e s  obtained from radar  and accel-  

A photograph of t h e  recovered payload i s  shown as f igu re  29. It can be 
seen t h a t  t he  hemispherical nose eroded t o  a conica l  shape during t h e  reentry.  
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The epoxy ab la t ion  ma te r i a l  on t h e  conical  afterbody came of f  during t h e  termi- 
n a l  port ion of t h e  f l i g h t  (about 98 seconds after launch), leaving t h e  cork with 
a blunted leading edge exposed t o  t h e  a i r  stream; however, t h e  cork prevented 
fu r the r  des t ruc t ion  of t h e  epoxy ab la t ion  mater ia l  on t h e  cy l ind r i ca l  afterbody. 

Pos t f l i gh t  measurements of t h e  cork cross sect ions showed a char-layer 
thickness of approximately 0.010 inch. 
f l i g h t  i s  shown i n  f igu re  30. 

The amount of cork l o s t  during t h e  

CONCLUDING REMARKS 

A series of f i v e  f l ight  experiments w a s  conducted aboard t h e  NASA Scout, 
RAM, and four-stage research vehic les  f o r  t h e  purpose of t e s t i n g  l i g h t w e i g h t  
phenolic cork as a thermal pro tec t ion  material. These tests w e r e  ca r r i ed  out 
i n  t h e  low-heating-rate environment of t h e  afterbody regions on t h e  vehicles .  
The tes t  conditions covered a range of a l t i t u d e s  t o  482,000 feet and veloci-  
t i e s  t o  17,900 feet  pe r  second. Temperatee and heat ing-rate  h i s t o r i e s  w e r e  
obtained from continuously measured in - f l i gh t  quant i t ies ,  whereas ab la t ive  
performance f o r  t h e  cork on t h e  recovery model w a s  determined from pos t f l i gh t  
measurements . 

The cork patches appl ied t o  t h e  Scout vehicles  provided a subs t an t i a l  
reduction i n  t h e  aerodynamic heat ing experienced by t h e  vehicles  during t h e  
ascent phase of t h e  t r a j ec to ry .  

The r e s u l t s  obtained from t h e  RAM B f l i g h t  tests show t h a t  cork can pro- 
vide adequate thermal pro tec t ion  f o r  a long-time, low-heating-rate environment. 

The cork on t h e  recovery model experienced char and erosion; however, it 
prevented the  des t ruc t ion  of t h e  epoqr ab la t ion  mater ia l  on t h e  cy l ind r i ca l  
a f t  erbody . 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley S ta t ion ,  Hampton, Va . ,  May 4, 1964. 
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TABLE I.- MAXIMUM TEST CONDITIONS 

[Reference time is from launcd 
L 

Velocity, 
f t / s e c  

9,900 

10 , goo 
.. . 

4 , 100 

17,900 

10 , 650 

- _ _  

Dynamic pressure,  
lb/sq f t  

2,304 
(Time = 39 sec )  

2,026 

6,350 

._ .- -~ -- 

(Time = 42 sec )  

(Time = 30 sec )  

6,250 

12 , 400 

(Time = 29 sec )  

( T h e  = 91 see )  

.. . . . ~  

_. ._ i  i - 

Tota l  enthalpy, 
Btu/lb 

2,080 

2,770 

I . ~ 
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Figure 1.- Scout vehicle .  L-63-3475 
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Figure 2.- Cork-patch installation on lower transition D section of Scout 115. 
(All dimensions are in inches unless otherwise indicated.) 
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( A l l  dimensions a r e  i n  inches unless  otherwise indicated.)  
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Figure 5.- Atmospheric conditions for Scout 115 flight test. 
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Figure 6.- Temperature histories for Scout 115, both with and without cork patch. 
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Figure 7.- Cork-patch installation on upper transition C section of Scout 116. 
( A l l  dimensions are in inches unless otherwise indicated. ) 
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Figure 9.- Atmospheric conditions for Scout 116 flight test. 
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Figure 11.- RAM B vehicle. L- 62 - 7685 
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Figure 12.- Sketch of RAM B1 vehicle third stage with cork locations shown. 
( A l l  dimensions are in inches unless otherwise indicated.) 
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Figure 15.- Calorimeter i n s t a l l a t i o n  on RAM B l  third-s tage f l a r e .  
(All dimensions a r e  i n  inches unless otherwise indicated.  ) 
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Chrome1 -alumel thermocouple 
.IO0 from outside surface 

Sta.137.17 

Trailing edge 
of f la re  

/-- 

-Chrome1 -alumel thermocouple 
on inside sur face  

Figure 20.- Thermocouple installations on RAM B2 third-stage flare. 
(All dimensions are in inches unless otherwise indicated. ) 



w 
0 

16. 

12 

8 

4 

/ 

0 U L  

4Ox1O4 
1 

-___ 
--, --- - 

Velocity-  

/- 1 ,’ I . 
-\a I / 

/ Altitude 

/ 

/ 
/ 

/ 

/ 

, 

/ 

T i m e ,  sec 

Figure 21.- Velocity and altitude histories for RKM B2 flight t e s t .  

0 



I .I 6C 

112c 

108C 

I04C 

I OO( 

9 6( 

92 ( 

88 ( 

520 

480 

440 

~ E 400 

g! 
3 
0 
c 

L 
a) 

360 
a, c 

320 

280 

240 

(a) Temperature and velocity of sound. 

Figure 22.- Atmospheric conditions for RAM BE f l ight  test. 
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Figure 22. - Concluded. 

32 



2c 

80 120 I60 200 240 
T i m e ,  sec 

(a) Heating rate obtained from asymptotic calorimeter. 

I I I I .  
Temp. under .IO cork - . _  

i 

I 

3 20 

LL 
O -  240 
9 

E? 
3 + 

W 

160 c 

80 

0 

- 

7 

r: 

4 0  80 I20 160 200 240 280 320 
T i m e , s e c  

(b) Measured temperature for two locations under cork. 

Figure 23.- Heating-rate and temperature histories for RAM B2. 



Figure 24.- Four-stage payload recovery vehicle. L-63-4946 
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Figure 25.- Sketch showing cork location on recoverable payload. 
( A l l  dimensions are in inches unless otherwise indicated. ) 



Figure 26. - Recoverable payload before  flight. L-63-3354 
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Figure 27. -  Trajectory of the  fourth-stage recoverable nose. 
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Figure 28. - Measured atmospheric conditions for payload recovery flight. 
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Figure 29. - Recoverable payload a f t e r  f l i gh t .  
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Figure 30.- Measured cork thickness, before and a f t e r  t e s t ,  f o r  the  recoverable payload. 
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